This work presents the results of a study on the effect of electrical current density (53, 105, 158 and 210 mA/m 2 ), type of the external source of carbon (citric acid, potassium bicarbonate), and C/N NO3 ratio (0.5, 1.0 and 1.5) on the effectiveness of nitrogen and phosphorus removal from synthetic wastewater with physicochemical parameters typical of municipal sewage subjected to bio-treatment in the highly efficient system for organic compounds removal ensuring efficient course of the nitrification process. The denitrification efficiency was found to depend on the type and dose of carbon and on the electrical current density. Higher values of this parameter were determined in the reactor with citric acid than in one with potassium bicarbonate used as carbon sources. Total phosphorus was removed in the processes of electrocoagulation and biomass growth. Higher efficiency of dephosphatation was achieved in the reactor with electrical current passage than in the reactor without it. The type of carbon source had little effect on the dephosphatation efficiency. The use of electrical current density of 210 mA/m 2 and citric acid as a carbon source with C/N=1.5 allowed achieving 87.61(±1.6)% efficiency of denitrification and 97.69(±2.1)% efficiency of dephosphatation.
INTRODUCTION
The discharge of wastewater containing biogenic substances to natural waters contributes to an excessive growth of algae, which leads to the eutrophication of water bodies and affects the quality of drinking water resources. Nitrates constitute a major source of contaminants in the underground and surface waters, and their presence in drinking water poses risk to the human health and to other living organisms [Carrera et al., 2004; Lee et al., 2006] . Low effectiveness of conventional methods for water and wastewater treatment has recently led to the development of novel technologies for the removal of biogenic substances. These compounds may be neutralized in biological and physicochemical processes. The biological processes are cost-effective, relatively easy to conduct, highly stable and reliable, but more time-consuming and slower compared to the physicochemical methods [Hiscock et al., 1991; Ghafari et al., 2008] . Therefore, attempts are undertaken to intensify the processes of biological denitrification through ensuring better contact between microorganisms and nitrates. These attempts are mainly focused on the systems with a biofilm which are convenient for denitrification owing to their cohesiveness. Compared to the reactors with suspended sludge and fluidized beds, the reactors with a solid filling are characterized by a greater simplicity of handling, lower volume, lesser sludge production, higher stability and resistance to a shock load [Zhu and Chen, 2002] .
Electrical current passage through a sequencing batch reactor with a biofilm immobilized on a carrier in the form of disks (SBBR) enables coupling the processes of biological and physicochemical treatment. In a reactor of this type, the nitrogen compounds will be removed primarily in the process of autotrophic (hydrogenotrophic) denitrification, whereas the phosphorus compounds -in the process of coagulation [Kłodowska et The presented study was aimed at determining the effect of electrical current density, type of carbon source and C/N NO3 ratio on the efficiency of nitrogen and phosphorus compounds removal in the bio-electrochemical SBBR from the wastewater with physicochemical parameters typical of municipal sewage subjected to prior bio-treatment in the system, enabling highly efficient removal of organic compounds and highly efficient nitrification.
METHODS
The experiments were conducted simultaneously in vertical sequencing batch biofilm reactors (SBBR) with the volume of 3.0 L each (active volume -2.0 L), under anaerobic conditions. A set of 12 disks made of stainless steel with the diameter of 0.10 m and total surface of 0.19 m 2 was mounted in each reactor. The distance between disks was 5 mm. They were mounted coaxially on a vertical shaft rotating with the speed of 10 rpm; their submersion rate was 100% (Fig. 1) .
The experiment was conducted under the following conditions: without the passage of electrical current (reactors: R 0 , R CA and R PB ), and with the passage of electrical current (reactors: R H2 , R CA+H2 and R PB+H2 ). In the control reactor (R 0 ), without electrical current flow and without external source of carbon, the synthetic wastewater was subjected to bio-treatment. In another two reactors (R CA and R PB ) without electrical current flow, citric acid and potassium bicarbonate, respectively, were used in the concentrations ensuring the C /N NO3 ratios of 0.5, 1.0 and 1.5. In the reactors with the passage of electrical current, no external source of carbon was introduced in the reactor R H2 or in R 0 , whereas citric acid and potassium bicarbonate were fed as carbon sources to the reactors R CA+H2 and R PB+H2 , respectively. Wastewater retention time was 24 hours in each reactor. The carbon dose applied ensured the C/N NO3 ratio of 0.5, 1.0 and 1.5 in wastewater fed to reactors. When computing the doses of organic and inorganic carbon, consideration was given to the carbon concentration in crude wastewater after dissolution of enriched broth. The broth was added to wastewater to achieve a desired COD value being typical of the municipal sewage treated in the system intended for the aerobic biological removal of organic compounds and for nitrification (e.g. in four-stage biological disk contactor). In the reactors without the external substrate (R 0 and R H2 ), the wastewater C org /N NO3 was at 0.47. In the reactors with electrical current passage, the gas- 
WASTEWATER CHARACTERISTICS
The experiments were conducted with synthetic wastewater with physicochemical parameters typical of municipal sewage subjected to bio-treatment in the system enabling highly efficient removal of organic compounds and highly efficient nitrification. Wastewater was characterized by high concentrations of nitrate nitrogen and total phosphorus, and by a low concentration of organic matter expressed by the COD value. In order to prepare the synthetic wastewater, the following compounds were dissolved in 2.0 L of tap water: NaNO 3, KH 2 PO 4, enriched broth
. Mean values of the physicochemical parameters of the crude wastewater were as follows:
Analytical methods
The samples (1.0 L) were collected for analyses once a day. Afterwards, the reactors were emptied (1.0 L) and filled with wastewater (2.0 L).
The physicochemical analyses of crude and treated wastewater included determinations of: conductometer by Hanna Instruments, • pH value using a laboratory pH-meter PL -700 AL type pH-mV-Cond-TDS-DO stirrer.
• temperature using a digital thermometer by JVTIA.
RESULTS AND DISCUSSION
In this study, we analyzed the effect of electrical current density, substrate type and C/N NO3 value on the efficiency of nitrogen and phosphorus compounds removal in the bio-electrochemical SBBR.
The efficiency of denitrification in the reactor without the external source of carbon (R 0 ) reached 10.31(±2.4)%. Feeding potassium bicarbonate to the reactor (R PB ) enabled increasing it to: 43.67(±1.8)%, 13.46(±1.56)% and 15.04(±0.8)% at C/N of 0.5, 1.0 and 1.5, respectively, while feeding citric acid to the reactor led to its higher values, reaching 13.46(±1.82)%, 17.6(±1.48)% and 19.9(±1.67)% at C/N of 0.5, 1.0 and 1.5, respectively ( fig. 2) .
Under the conditions of passage of electrical current with density of 53 mA/m 2 , the feeding of an external source of carbon caused an increase in denitrification efficiency compared to the R H2 reactor in which it reached 9.64(±1.33)%.
Higher values of denitrification efficiency were achieved upon the use of citric acid, i.e. Feeding organic substances to the bio-electrochemical system leads to the intensification of the denitrification process , which is confirmed by the results obtained in our study. Feeding of an external source of carbon in the form of citric acid increased the denitrification ef- Fig. 2 . The efficiency of nitrogen removal depending on electrical current density and C/N NO3 ratio ficiency, which was further intensified by the use of a sufficiently high density of electrical current. The carbon source deficiency may be the major factor promoting accumulation of nitrites ; hence, the electrical current densities applied for in-situ hydrogen production must be kept at an appropriate level. Both, too high and too low density of electrical current would cause nitrites accumulation [Islam and Suidan, 1998 ]. Tong et al. [2013] successively increased the current density to 200 mA/m 2 and obtained respectively lower concentrations of nitrates in wastewater. They managed to achieve the maximum efficiency of nitrates removal equal to 99.9%. The use of electrical current with densities exceeding 200 mA/m 2 , led to an increase in nitrates concentration. Raising the current density to 320 mA/ m 2 caused a rapid increase in their concentration, which resulted in reduced efficiency of nitrates removal [Tong et al., 2013] . The low density of electrical current does not ensure the sufficient hydrogen production, while its high density may inhibit the activity of microorganisms and even lead to their eradication [Flora et al., 1994] .
The use of an inorganic source of carbon in the form of potassium bicarbonate at lower electrical current densities, i.e. 53 and 105 mA/m 2 , contributed to an increase in the nitrogen compounds removal efficiency. Ghafari et al. [2009] demonstrated that -compared to carbon dioxide -bicarbonate caused accelerated adjustment of autotrophs and more abrupt growth of denitrifiers. However, the use of higher current densities (158 and 210 mA/m 2 ) resulted in a decrease of nitrogen removal efficiency and an increase in the ammonium nitrogen concentration in the effluent. The accumulation of ammonium nitrogen in bioelectrochemical reactors may be caused by dissimilative reduction of nitrates to ammonium nitrogen (DNRA) . Zhao et al. [2012] came to the conclusion that ammonium nitrogen concentration decreased along with the decreasing C/N ratio. Similar results were achieved by Zhang et al. [2012] during DNRA in bioelectrochemical systems, who reported that a higher C/N value might lead to enhanced accumulation of ammonium nitrogen.
In this study, the phosphorus compounds were removed mainly in the electrocoagulation process. The dephosphatation efficiency in the reactor without the external source of carbon (R 0 ) reached 6.94(±1.1)%. Feeding potassium bicarbonate caused no increase in its value which reached 6.05(±1.5)%, 6.24(±0.85)% and 6.84(±0.47)% at C/N of 0.5, 1.0 and 1.5, respectively. In the case of citric acid fed to the reactors as the source of carbon, the respective values were insignificantly higher and reached 7.12(±0.9)%, 8.03(±0.79)% and 9.04(±0.51)% at C/N of 0.5, 1.0 and 1.5, respectively (Fig. 3) .
Wastewater treatment under the conditions of electrical current passage contributed to an increase in the dephosphatation efficiency. Upon the use of electrical current with the density of 53 mA/m The use of aluminum anode in the conducted experiment enabled simultaneous removal of phosphorus in the electrocoagulation process and in the process of biofilm growth. The effectiveness of dephosphatation depends on the quantity of aluminum being formed which is, in turn, affected by the reaction duration and electrical current density [Zaroual et al., 2006] . İrdemez et al. [2006] reported the aluminum electrode to be more suitable for dephosphatation conducted via the electrocoagulation method than the iron electrode, considering the rate and efficiency of phosphorus compounds removal. Behbahani et al. [2011] investigated the effect of the type of electrode on the dephosphatation efficiency and observed enhanced phosphorus removal along with increasing electrical current density for both aluminum and iron electrodes; however, obtained higher process efficiency in the case of the aluminum electrode. Besides, the use of the iron electrode led to greater turbidity of the solution being treated, compared to the aluminum electrode. The results of an experiment conducted by Lacasa et al. [2011b] demonstrated the efficiency of electrocoagulation with iron electrodes to be significantly affected by the density of electrical current and to increase considerably at its lower densities. In the case of the aluminum electrode, the current density had a lesser effect on electrocoagulation; a slight increase in its efficiency was only observed at lower current densities. Shalaby et al. [2014] obtained the phosphorus compounds removal efficiency from 85 to 95% by increasing electrical current density from 1.13 to 4.54 mA/ cm 2 (11.34-45.40 A/m 2 ). However, they used higher electrical current density and shorter retention time than in our study. The electrical current passage through electrodes results in their dissolution and formation of Al 3+ ions which bind with the OH -ions forming aluminum hydroxides which are responsible for the electrocoagulation efficiency. At higher intensities of electrical current, the number of Al 3+ ions formed upon anode dissolution increases accordingly to the Faraday's law. This results in an increased quantity of aluminum hydroxide which adsorbs a greater part of phosphorus compounds onto its surface. Increasing the electrical current density above the optimal value does not enhance the efficiency of contaminants removal, even despite sufficient amount of metal hydroxide floccules for contaminants precipitation [Shalaby et al., 2014] .
CONCLUSIONS
1. The efficiency of nitrogen and phosphorus compounds removal was the lowest in the R 0 reactor without external source of carbon and without electrical current passage. 2. Feeding potassium bicarbonate and citric acid to reactors under the conditions of electrical Fig. 3 . The efficiency of phosphorus removal depending on the electrical current density and C/N NO3 ratio current passage contributed to a significant increase in the denitrification efficiency. 3. Citric acid turned out to be a better source of carbon in the process of nitrogen compounds removal. 4. Feeding organic carbon to reactors enabled the removal of nitrogen compounds in a simultaneous process of heterotrophic and autotrophic denitrification with gaseous hydrogen -produced in the electrolysis process -as a source of energy. 5. Compounds of phosphorus were removed in the processes of electrocoagulation and biofilm growth. The highest efficiency of dephosphatation was achieved under the conditions of electrical current passage and citric acid dosage. 6. The use of electrical current with a density of 210 mA/m 2 and citric acid as a source of carbon with C/N=1.5, allowed achieving 87.61(±1.6)% efficiency of denitrification and 97.69(±2.1)% efficiency of dephosphatation.
